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Measurements of temperature-dependent resistance and magnetization under hydrostatic pres-
sures up to 2.13 GPa are reported for single-crystalline, superconducting BaBi3. A temperature -
pressure phase diagram is determined and the results suggest three different superconducting phases
α, β, and γ in the studied pressure range. We further show that occurrence of the three supercon-
ducting phases is intuitively linked to phase transitions at higher temperature which are likely first
order in nature. Tp, which separates phase α from β and γ, is associated with an abrupt resis-
tance change as pressure is increased from 0.27 GPa to 0.33 GPa. Above 0.33 GPa, an ”S-shape”
anomaly in the temperature-dependent resistance curve, TS, is observed and associated with the
transition between the β and γ phases. Further increasing of pressure above 1.05 GPa suppresses
this transition and BaBi3 stays in γ phase over the whole investigated temperature range. These
high-temperature anomalies are likely related to structural degrees of freedom. With the α phase
being the ambient-pressure tetragonal structure (P4/mmm), our first-principle calculations suggest
the β phase to be cubic structure (Pm−3m) and the γ phase to be a distorted tetragonal structure
where the Bi atoms are moved out of the face-centered position. Finally, an analysis of the evolution
of the superconducting upper critical field with pressure further confirms these transitions in the
superconducting state and suggests a possible change of band structure or a Lifshitz transition near
1.54 GPa in γ phase. Given the large atomic numbers of both Ba and Bi, our results establish
BaBi3 as a good candidate for the study of the interplay of structure with superconductivity in the
presence of strong spin-orbit coupling.
I. INTRODUCTION
Materials with strong spin-orbit coupling have recently
received a lot of attention as they are argued to be hosts
for novel topological phases, such as topological insula-
tors or topological superconductors1–3. Among them, Bi-
based compounds are among the most investigated for
their strong spin-orbit coupling due to Bi-6p electrons4.
For example, the compounds Bi2X3 (X = Se, Te) are
suggested to be topological insulators5,6.
Another Bi-rich family of compounds ABi3 (A = Sr,
Ba and La) has attracted attention lately as these ma-
terials are superconductors. Polycrystalline ABi3 com-
pounds with A = Sr and Ba were first reported to be su-
perconductors by Matthias and Hulm in 19527. Later on,
single crystals of SrBi3 and BaBi3 were synthesized using
the Bi self-flux method8 by various research groups and
were reported to have superconducting transition tem-
peratures Tc of 5.75 K and 5.9 K, respectively
9–11. Fur-
thermore, Na substitution for Sr in SrBi3 increases Tc
to 9.0 K12. Polycrystalline LaBi3 was synthesized more
recently by utilizing a high-pressure technique13 and re-
ported to have a Tc of 7.3 K. Among the three ABi3 com-
pounds, SrBi3 and LaBi3 crystallize in the AuCu3-type
cubic structure (Pm−3m), whereas BaBi3 crystallizes in
tetragonal structure (P4/mmm) with only a small differ-
ence in a and c lattice parameters (a = 5.06(1) A˚ and c =
5.13(2) A˚)10,11,14. Importantly, for all three ABi3 com-
pounds, spin-orbit coupling (SOC) is suggested to play
an significant role in the superconductivity14, making the
ABi3 compounds potential platforms for the realization
of topological superconductivity.
Further insight into the nature of the superconductiv-
ity can be obtained by studying the system’s response
to hydrostatic pressure. As a tuning parameter, pres-
sure is considered clean compared to substitution since
it does not induce extra chemical disorder into the sys-
tems. It has been proven to be very useful in terms
of tuning the ground state in many systems15–18, such
as Fe-based superconductors19–22 and quantum-critical
materials23–26. Earlier studies of the effect of hydrostatic
pressure on ABi3 revealed that, for LaBi3 and SrBi3,
pressure linearly suppresses Tc up to 1.55 GPa and 0.81
GPa, respectively11,13. Interestingly, BaBi3 was shown
to exhibit a double-transition feature in the temperature-
dependent magnetization curves for pressures above 0.3
GPa11. However, the origin and nature of the feature has
not been studied in greater detail up to now.
In this work, we present a detailed pressure study
on BaBi3 by utilizing both resistance and magnetization
measurements. Our data reproduce the multiple super-
conducting transitions in an intermediate pressure region
for 0.33 GPa 6 p 6 1.05 GPa, whereas only a single sharp
transition is revealed for p 6 0.27 GPa and p > 1.27
GPa. The magnetization measurements confirm that su-
perconductivity is not filamentary, but pressure stabi-
lized phases. In addition, our data sets reveal a series of
so far undetected high-temperature phase transitions.
From these data sets, we determine a temperature-
pressure (T −p) phase diagram which highlights the exis-
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2tence of three phases (each superconducting at low tem-
peratures) in BaBi3. We argue that the high-temperature
anomalies, which are likely first order in nature, are re-
lated to structural degrees of freedom. Our first-principle
calculations support that several structures are close in
energy for BaBi3 and allow us to infer the possible pres-
sure stabilized structures. Our results establish BaBi3
as an interesting system to study the interplay of su-
perconductivity and structural degrees of freedom in the
presence of strong SOC.
II. EXPERIMENTAL DETAILS
A. Experimental details
Single crystals of mm sizes BaBi3 (inset of Fig. 1 (a))
were grown through a Bi self-flux technique8,11 with the
help of a frit-disc crucible set27. The ac resistance mea-
surement under pressure was performed in a Quantum
Design Physical Property Measurement System (PPMS)
using a 1 mA excitation with frequency of 17 Hz, on
cooling and warming at a rate of ±0.25 K/min. A
standard four-contact configuration was used. Contacts
were made by DuPont 4929N silver paint inside a N2
glove box due to the air sensitivity of the compound.
The magnetic field was applied perpendicular to the cur-
rent direction. A Be-Cu/Ni-Cr-Al hybrid piston-cylinder
cell, similar to the one described in Ref. 28, was used
to apply pressure. Pressure values at low temperature
were inferred from the Tc(p) of lead
29. Pressure values
at higher temperature were estimated by linear inter-
polation between the room-temperature pressure p300K
and low-temperature pressure pT≤90K values30–32. p300K
values were inferred from the 300 K resistivity ratio
ρ(p)/ρ(0 GPa) of lead33 and pT≤90K values were inferred
from the Tc(p) of lead
29. Good hydrostatic conditions
were achieved by using a 4:6 mixture of light mineral
oil:n-pentane as pressure medium, which solidifies, at
room temperature, in the range 3−4 GPa, i.e., well above
our maximum pressure28,31,34.
Low-field (20 mT) dc magnetization measurements un-
der pressure were performed in a Quantum Design Mag-
netic Property Measurement System (MPMS-3) SQUID
magnetometer. A commercially-available HDM Be-Cu
piston-cylinder pressure cell35 was used to apply pres-
sures up to 1.2 GPa. Daphne oil 7373 was used as a
pressure medium, which solidifies at 2.2 GPa at room
temperature36, ensuring hydrostatic conditions. Slight
errors in the centering of the composite Pb/BaBi3 sam-
ple and pressure cell happen during the magnetization
measurements, which cause the upturn features as shown
in Fig. 5. Superconducting Pb was used as a low-
temperature pressure gauge33. Note that for both pres-
sure cells, load was always applied at room temperature.
B. Computational Methods
To further investigate possible low energy structures of
BaBi3, we performed a random structure search by mak-
ing several hundreds of structures with different symme-
tries and unit cell sizes, i.e., 2, 3, 4 and 6 formula units
in the unit cell. All structures were then fully relaxed by
density functional theory (DFT) with criterial 0.01 eV/A˚
for force components and 1 kbar (0.1 GPa) for stress ten-
sor elements. The DFT37 calculations were performed
by Vienna Ab − initio Simulation Package (VASP)38
with projector-augmented wave (PAW) pseudo-potential
method39,40 within generalized-gradient approximation
(GGA)41. The Monkhost-Pack scheme42 was used for
Brillouin zone sampling with a high quality k-point grid
of 2pi× 0.025 A˚−1. The energy cutoff was 320 eV and
spin-orbit coupling (SOC) was included in calculations.
III. RESULTS AND DISCUSSIONS
Figure 1 shows the pressure dependence of the
temperature-dependent resistance R(T ) of BaBi3. All
data were taken upon increasing pressure up to 2.13 GPa.
As shown in Fig. 1 (a), at 0 GPa, the resistance de-
creases as temperature is lowered, showing metallic be-
havior. Below ∼ 6 K, BaBi3 becomes superconduct-
ing. Initially, increasing pressure suppresses the resis-
tance value at 300 K, R(300K), slightly. However, when
pressure is increased from 0.27 GPa to 0.33 GPa, a sud-
den drop in R(300K) is observed, and the overall behav-
ior of temperature-dependent resistance changes as well;
starting from p = 0.33 GPa, a ”S-shape” anomaly at T ∼
250 K in the R(T ) curve emerges. The feature is clearly
observed up to 1.05 GPa, it becomes much weaker for
1.16 GPa and 1.27 GPa and disappears for higher pres-
sures. The transition temperature, TS, for this anomaly
is suppressed upon increasing pressure (Fig. 2). Figures
1 (b)-(d) present blow-ups of the low-temperature super-
conducting transition for three different pressure regions.
For the low-pressure region (0 GPa 6 p 6 0.27 GPa), the
superconducting transition in resistance remains sharp
and single, and Tc is suppressed by increasing pressure.
For the intermediate pressure region (0.33 GPa 6 p 6
1.05 GPa), multiple steps in the superconducting tran-
sition are observed. For the high-pressure region (1.16
GPa 6 p 6 2.13 GPa), the superconducting transition
becomes sharp and single again and Tc decreases with
increasing pressure as well.
In order to create a T − p phase diagram, first, we
focus on a more detailed analysis of the ”S-shape”, high-
temperature feature in the intermediate pressure region.
Figure 2 presents the analysis of the ”S-shape” anomaly
in the temperature-dependent resistance curves. Figure
2 (a) shows the R(T ) curve for the ”S-shape” anomaly on
both cooling (solid lines) and warming (dashed lines) for
selected pressures. Clear, 10 - 25 K wide, hysteresis is ob-
served, indicating the transition’s first-order nature. The
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FIG. 1. (a) Evolution of the resistance with hydrostatic pres-
sures up to 2.13 GPa. Data has been taken upon cooling; all
data were taken upon increasing p. Pressure values in the fig-
ure legends are low-temperaure pressure values pT≤90K. (In-
set) Picture a of BaBi3 single crystal; (b), (c), (d) Blow ups
of the low-temperature superconducting transition for three
different pressure regions. The pressure regions have been
chosen to represent the characteristic change of the the su-
perconducting transition. Note that for 0.33 GPa 6 p 6 1.05
GPa in panel (c), the superconducting transition occurs in
multiple steps in the R(T ) data. Criterion for superconduct-
ing transition temperature T offsetc is indicated by arrows in
panels (b) and (c).
temperature derivative of the resistance, dR/dT , taken
upon cooling, is shown in Fig. 2 (b). It is clearly seen
that TS is suppressed with increasing pressure. This fea-
ture is well pronounced up to 1.05 GPa, it becomes dis-
tinctly weaker for 1.16 GPa and 1.27 GPa and is not
detectable anymore for higher pressures.
To follow the feature associated with the sudden
change in R(p, T = 300K) at p ∼ 0.3 GPa to lower
temperatures, the pressure dependence of the resistance
R(p) at fixed temperatures is determined from the data
in Fig. 1 (a) and presented in Fig. 3. At low temper-
ature, a kink-like anomaly is observed at p ∼ 0.3 GPa.
The anomaly manifests as an increase of resistance with
increasing pressure and at high temperature it manifests
as a drop. This behavior reflects the crossing point of
the R(T ) curves at T ∼ 110 K for p <0.33 GPa and p >
0.33 GPa, as shown in Fig. 1. Similar behavior has also
been observed in PbTaSe2 where the sudden changes in
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FIG. 2. (a) Temperature-dependent resistance R taken on
cooling (solid lines) and warming (dashed lines) for selected
pressures; (b) Temperature derivative dR/dT taken on cooling
showing the evolution of the transition temperature TS. The
criterion for the determination of TS is indicated by arrow.
R(p) is also associated with a first-order structural phase
transition43. The anomaly moves slightly to higher pres-
sure with increasing T . We stress that the pressure val-
ues given here were corrected for temperature-induced
changes of the pressure (see Experimental Details). This
kink-like anomaly is denoted as Tp and the correspond-
ing transition pressures have been determined from the
midpoint of the jump-like change in R(p). At higher pres-
sure, another much broader transition, T ′S, is observed in
Fig. 3 for p ∼0.8 − 0.9 GPa, which exists up to T ∼ 220
K. To determine T ′S, for each temperature shown in the
figure, the R(p) data for 0.75 GPa < p < 1.25 GPa was
fitted using polynomial function up to the third order
and the inflection point was taken as T ′S.
We summarize the position of the high-temperature
anomalies observed in R(p, T ) in the temperature-
pressure (T − p) phase diagram shown in Fig. 4. As
shown in the figure, Tp (blue pentagon) is located around
0.3 GPa at low temperatures and represents the sudden
change of the R(p) behavior from 0.27 GPa to 0.33 GPa.
The temperature of the ”S-shape” anomaly, TS (blue tri-
angle), is continuously suppressed from 264 K to 150 K
40 . 5 1 . 0 1 . 5 2 . 00
5
1 0
0 71 0
2 0
4 06 0
1 0 01 4 0
1 8 02 2 0
2 6 0
R (m
Ω
)
p  ( G P a )
3 0 0  K
T p T S '
FIG. 3. The pressure dependence of resistance R(p) at fixed
temperatures. Pressure values are corrected for temperature-
induced changes (see main text for details). The dashed line
labeled Tp indicates a kink-like anomaly at p ∼ 0.3 GPa for
low temperatures and p ∼ 0.43 GPa for 300 K. Dotted line
labeled T ′S indicates another broad feature at p ∼ 1 GPa,
which is discernible up to ∼ 220 K. Determination of T ′S, and
its relation to TS, is discussed in detail in the main text.
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FIG. 4. Temperature-pressure phase diagram inferred from
resistance measurements. The blue solid triangles represent
the phase transition TS inferred from the data shown in Fig. 2.
The two light-blue data points for TS are the last two, broad,
barely observable features in dR/dT and may not correspond
to an actual transition (see main text for details). The open
blue triangles and pentagons represent the pressure-induced
transition T ′S and Tp inferred from the dashed and dotted
lines in Fig. 3, respectively. Superconducting transition tem-
perature Tc is not plotted in this phase diagram and will be
discussed later.
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FIG. 5. Evolution of the zero-field-cooled (ZFC) magnetiza-
tion M(T ) with (a) increasing pressure and (b) decreasing
pressure in an applied field of 20 mT. The low-temperature
(T  Tc) and higher-temperature (Tc  T  Tc,Pb) M
values have been set to -1 and 0, respectively, due to uncer-
tainties involved in the determination of absolute values (see
main text). The low-temperature pressure is inferred from
the pressure dependence of superconducting transition of Pb
(not shown). Black numbers before pressure values (Run#)
indicate the sequence of the applied pressure. Criterion for
the determination of superconducting transition temperature
T onsetc is indicated by arrows in the lower inset of panel (a).
Blowups of M(T ) curves for several pressures in the upper in-
set in panel (a) and insets in panel (b) better show the double-
transition feature for selected pressures. Small upturns at the
onset of diamagnetism are due to slight error in the centering
of the sample during measurements.
by pressure. T ′S represents the broad transition at 0.8
∼ 0.9 GPa and persists up to T ∼ 220 K as indicated
in Fig. 3. The behavior of Tc with pressure and its re-
lationship with the high-temperature anomalies will be
discussed later (see Fig. 7 below).
In order to provide thermodynamic data on the super-
conductivity under pressure, we present, in Fig. 5, the
dependence of the zero-field-cooled (ZFC) magnetization
M(T ) data. During the measurements, pressure was first
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FIG. 6. (a) Temperature-pressure (T − p) phase diagram
for superconducting Tc inferred from magnetization measure-
ments. The run-number associated with each data point is
the same as used in Fig. 5. The directions of the triangle
data point indicate increasing (I) and decreasing (J) pres-
sure. For pressures with multiple transitions letters a and b
are used. Three different phases α (Black), β (Green), and
γ (Red) are suggested. Dashed lines are guides to the eye;
(b) Relative phase portion as a function of pressure, as deter-
mined from magnetization measurements. Sizes of symbols
in (a) and (b) are roughly proportional to the phase portion
values as indicated in (b).
monotonically increased from ambient pressure to 1.17
GPa, then it was decreased back to ambient pressure.
The superconducting transition temperature of BaBi3 is
inferred from the onset of diamagnetism which is visible
in all data sets under p, demonstrating the bulk nature
of superconductivity in the full pressure range of investi-
gation. Due to uncertainties involved in the determina-
tion of absolute values of M , we normalized all curves to
M(6.5K) = 0 and M(1.8K) = −1.
As shown in Fig. 5 (a), when increasing pressure, the
superconducting transition remains single and sharp up
to 0.29 GPa. A sudden decrease of the onset transition
temperature is observed between 0.29 GPa and 0.46 GPa.
In the pressure region of 0.46 GPa to 1.01 GPa, the su-
perconducting transition exhibits a double-transition fea-
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FIG. 7. (a) Color plot of surface-gradient magni-
tude
√
(∂R/∂T )2 + (∂R/∂p)2 calculated from R(T, p) data.
Anomalies in the color plot coincide with the phase transi-
tions TS , Tp in Fig. 4. The broad transition around 1 GPa
labeled as T ′S in Fig. 3 is also revealed in this color plot. Dif-
ferent phases α, β and γ are proposed for BaBi3 at different
positions in the T −p phase diagram; (b) Blow up of the color
plot low-temperature region together with superconducting
transition data from resistivity (Fig. 4) and magnetization
(Fig. 6). Dashed lines are guides for the eye.
ture. At 1.17 GPa, transition becomes single and sharp
again. For decreasing pressure from 0.95 GPa to 0 GPa
(see Fig. 5 (b)), all of the M(T ) curves exhibit double-
transition features.
We summarize the Tc values inferred from our magne-
tization measurements for BaBi3 in Fig. 6 (a) in a T − p
phase diagram. To be consistent with T offsetc determined
from resistance measurements, onset criteria of diamag-
netism were used. In the case a double transition was
observed, the individual onset temperatures were con-
sidered (see lower inset of Fig. 5 (a)).The directions of
the triangle symbol of the data point indicate increasing
(I) and decreasing (J) pressure. The number associated
with each data point represents the run number in the
magnetization measurement. Letters a and b are used to
label the two transition temperatures in case a double-
transition feature was observed. As shown in Fig. 6 (a),
three branches of Tc(p) can be seen. Due to the abrupt
change of Tc(p) at p ∼ 0.3 GPa and p ∼ 0.9 GPa, we
suggest three different superconducting phases existing
under pressure which we will label in the following by α,
β and γ. For each phase, over its range of stability, Tc
6values are linearly suppressed by increasing pressure as
shown in Fig. 6 (a). On increasing pressure, at low tem-
perature, BaBi3 starts with phase α at ambient pressure.
When pressure is increased from 0.29 GPa to 0.46 GPa
(Run 3 to Run 4), it enters an intermediate-pressure re-
gion (0.46 GPa 6 p 6 1.01 GPa, Run 4 to Run 6) where
both features of phases β and γ are observed at low tem-
perature. As pressure is further increased from 1.01 GPa
to 1.17 GPa (Run 6 to Run 7), only phase γ is observed.
When decreasing pressure, BaBi3 starts with pure phase
γ at 1.17 GPa. Decreasing pressure drives BaBi3 again
into a region (0.95 GPa > p > 0.24 GPa, Run 8 to Run
12) where phases β and γ are observed. However, as indi-
cated in the figure, further decreasing pressure does not
restore the pure α phase as BaBi3 starts with. Instead,
a coexistence of phases α and β is observed from 0.13
GPa to 0 GPa (Run 13 to Run 15). It should be noted
that the phase diagram in Fig. 6 (a) is quite different
from that shown in Ref. 11, where Tc is first increased
upon increasing pressure up to 0.5 GPa with the rate
of 1.22 K/GPa and then almost saturates at 0.75 GPa.
This could be due to a combination of the relatively small
data density, large pressure steps, possible hysterisis ef-
fects and not recognizing double-transition as mixture of
phases.
To better demonstrate the phase transformation in the
pressure regions where multiple phases are observed, we
present in Fig. 6 (b) the relative phase portions of su-
perconducting α, β and γ as a function of pressure at
low temperature. The relative phase portions for differ-
ent phases are obtained by calculating the corresponding
drop values ∆M (Indicated in the inset of Fig. 5 (a)) in
the M(T ) data. The sizes of symbols in Figs. 6 (a) and
(b) are roughly proportional to the relative phase por-
tions. As shown in the figure, BaBi3 starts with 100%
α phase at ambient pressure. As pressure increases from
0.29 GPa to 0.46 GPa, the relative phase portion of α is
entirely suppressed and phases β and γ emerge. β is the
majority phase in the mixture with almost 100% phase
portion up to 0.51 GPa. Further increasing pressure sup-
presses the relative phase portion of β and stabilizes γ
until phase portion of γ reaches 100% at 1.17 GPa. For
decreasing pressure, similar behavior of phase portions
for β and γ is observed for the pressure region of 0.95
GPa to 0.24 GPa. From 0.13 GPa to 0 GPa, phase por-
tion of β decreases as phase portion of α increases, and
BaBi3 ends up with ∼ 75% of β and ∼ 25% of α at 0
GPa. By both decreasing and increasing pressure in the
magnetization measurement, figures 6 (a) and (b) clearly
reveal that the transition between α to β and the transi-
tion from β to γ are each first order. Figure. 6 (b) clearly
shows wide pressure ranges of coexistence of α and β as
well as β and γ. In addition, upon releasing pressure we
find that β phase can exist in a metastable phase.
To analyze the interrelation between superconductiv-
ity and the various high-temperature anomalies observed,
R(T, p) data were further analyzed. The correspond-
ing surface-gradient magnitude
√
(∂R/∂T )2 + (∂R/∂p)2
was calculated as a function of both temperature and
pressure and is shown as color plot in Fig. 7, together
with TS, T
′
S, Tp and Tc data that were obtained from both
resistance and magnetization measurements. In Fig. 7
(a), it is shown that Tp is revealed as a sharp anomaly
in the color plot. TS is revealed as a sharp anomaly in
the color plot up to 1.05 GPa. The transition at p ∼
0.9 GPa, T ′S, is revealed in the color plot as well, though
more broadly. We suggest that TS and T
′
S lines are likely
to be one transition line inferred from different criteria,
as the color plot shows that they connect smoothly with
each other. Figure 7 (b) presents the blow up of the low-
temperature region (T = 4 K to 7 K). T offsetc from resis-
tance measurement and T onsetc from magnetization mea-
surement are plotted together for consistency. As shown
in the figure, T offsetc is suppressed from 6 K to 5.8 K in
the low pressure region (0 GPa 6 p 6 0.27 GPa), then it
undergoes a sudden drop from 5.8 K to 5.3 K when en-
tering the intermediate pressure region (0.33 GPa 6 p 6
1.05 GPa). In the intermediate pressure region, T offsetc
is initially suppressed to 5 K by 0.71 GPa and then in-
creases to 5.9 K at 0.93 GPa. At even higher pressures
(1.16 GPa 6 p 6 2.13 GPa), T offsetc slowly decreases to
5.5 K. A subtle kink-like anomaly at 1.54 GPa is ob-
served and will be discussed in detail later in the text
below. T onsetc from magnetization measurement for in-
creasing pressure matches very well with the T offsetc from
resistance measurement. The multi-step transition pres-
sure region for resistance measurement agrees with the
double-transition pressure region for magnetization mea-
surements. Importantly, the pressure region in which the
double-transition is observed is also enclosed by the Tp,
TS and T
′
S lines. Furthermore, the pressures where sud-
den changes in Tc(p) are observed (p ∼ 0.3 GPa and p ∼
0.9 GPa) coincide with the Tp and T
′
S anomalies in the
color plot. These observations demonstrate the strong in-
terrelation between the superconductivity in BaBi3 with
the high-temperature phase transitions.
To further study the nature of the superconducting
state in the α, β and γ phases, we examined the response
of superconductivity to external field. Figure 8 shows the
temperature dependence of the superconducting upper
critical field Hc2 at various pressures. The insets show
representative resistance data sets in the three pressure
regions which were used to extract the data present in
the main panels. As shown in the figure, for low- and
high-pressure regions (p 6 0.33 GPa and p > 1.16 GPa),
the superconducting transition stays one single transition
under magnetic fields. In contrast, for the intermediate-
pressure region, the multiple-step nature of the super-
conducting transition persists in magnetic fields. For
all of the pressures, Hc2 is linear in temperature except
for low magnetic fields. The curvature at low fields has
been observed in other superconductors and can be ex-
plained by multi-band nature of superconductivity44–47,
which is also the case BaBi3
10,14. The slope of the
temperature-dependent Hc2 was obtained by linear fit-
ting the µ0Hc2(T ) data above the curvature (data above
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FIG. 8. Temperature dependence of the superconducting up-
per critical field Hc2(T ) for (a) p ≤ 0.33 GPa, (b) 0.33 GPa
≤ p ≤ 1.05 GPa and (c) 1.05 GPa ≤ p ≤ 2.13 GPa. T offsetc as
shown in the insets is taken from resistance measurement. In-
sets show representative resistance data under magnetic fields.
0.2 T for low and intermediate pressure regions, data
above 0.1 T for high pressure regions). Similar analysis
was performed in literature for other superconductors,
see Refs. 21, 45–47. Generally speaking, the slope of the
upper critical field normalized by Tc, is related to the
Fermi velocity and superconducting gap of the system44.
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FIG. 9. Pressure dependence of the normalized upper criti-
cal field slope, -(1/Tc)(dµoHc2/dT )|Tc , plotted together with
T offsetc from resistance measurement. Smaller symbols in-
dicate the pressure range where superconducting transition
shows multiple steps. Different phases α, β and γ are pro-
posed for different pressure regions as indicated in Fig. 7.
Dashed lines are guidance to eyes.
In the clean limit, for a single-band,
− (1/Tc)(dµoHc2/dT )|Tc ∝ 1/v2F , (1)
where vF is the Fermi velocity. Even though the super-
conductivity in BaBi3 is multiband
10,14, Eq. 1 can give
qualitative insight into changes induced by pressure.
Figure 9 presents the pressure dependence of
the normalized slope of the upper critical field,
-(1/Tc)(dµoHc2/dT )|Tc , together with the T offsetc data.
Smaller symbols indicate the intermediate-pressure re-
gion where the superconducting transition occurs in mul-
tiple steps. As shown in the figure, the normalized slope
-(1/Tc)(dµoHc2/dT )|Tc , exhibits anomalies between 0.27
GPa and 0.33 GPa and between 0.75 GPa and 1.05 GPa,
which coincides with the phase transition ranges for α
to β and β to γ. Another anomaly is observed at 1.54
GPa, which coincides with the pressure where a small,
kink-like anomaly in T offsetc occurs. Due to the absence
of any feature in R(T ) at T > Tc in this pressure region,
we suggest that this small feature might be related to a
change of band structure or to a Lifshitz transition, or
some other change in vF within the γ phase
46–50.
Our studies show that BaBi3 exhibits three different
phases in a relatively small temperature and pressure
range. The sudden changes in the superconducting char-
acter and the anomalies at high temperature suggest
that structural degrees of freedom are crucial for under-
standing the behavior of BaBi3 under pressure. Similar
sudden change in Tc(p) and associated high-temperature
anomalies have been observed in PbTaSe2 where a first-
order structural phase transition is identified43. To gain
insight to the pressure stabilized structures in BaBi3,
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FIG. 10. Pressure dependence of relative formation enthalpies
and crystal structures of low energy structures (see test for
details). Green and purple balls are Ba and Bi atoms.
we performed first-principle calculations under pres-
sure. Figure. 10 presents the relative formation en-
thalpy (with respect to experimentally observed ambient-
pressure P4/mmm structure) at different pressures of
the five lowest-energy structures found from our crystal
structure search at zero temperature. The difference be-
tween Pm−3m and P4/mmm structures is the slight dif-
ference in lattice parameters a and c in P4/mmm struc-
ture. The I4/mcm structure could be viewed as distorted
P4/mmm structure where the Bi atoms are moved out of
the face-centered position as can be seen in Fig. 10. The
P32 and P3221 structures can also be viewed as distorted
P4/mmm structure as well (not obvious in Fig. 10 but
from different directions of view) but with distortions in
the both Ba and Bi positions.
We found several structures with very small relative
formation enthalpies. We note that these small energy
differences within 2 meV/atom could be within the error
of DFT calculations and the pressure range in the DFT
calculations is not exactly the same pressure range as
in the experiment, but the trend of formation enthalpy
change with pressure may be observed to speculate pos-
sible pressure stabilized structures in BaBi3. As shown
in the figure, the relative formation enthalpies of differ-
ent structures response differently to external pressure,
e.g., for I4/mcm relative formation enthalpy decreases
very fast at pressure between 0 and 4 GPa while that
of P3221 decreases slightly. At pressure larger than 4
GPa, 3 new structures are very competitive in formation
enthalpy with the differences within 1 meV/atom and
all of them more stable than P4/mmm structure. Our
crystal structure search and DFT calculation show that
there are several structures very competitive in forma-
tion enthalpy and these structures are very likely more
stable than ambient-pressure P4/mmm structure under
pressure. Experimental crystallographic data taken un-
der pressure are needed to identify precisely which struc-
tures are the β and/or γ phases.
The transformations from P4/mmm structure to
Pm− 3m or I4/mcm structures are minimal for the fact
that only small changes in the structure need to be made
as mentioned above. The response of I4/mcm structure
to pressure is the most robust among considered struc-
tures as mentioned above. On the other hand, the tem-
perature and kinetics of transformation, which are not
included in DFT calculations, also play important role
in structural transformation. We may speculate that the
Pm− 3m and I4/mcm structure are the β and γ phases
observed in experiment, respectively. The possibilities of
P32 and/or P3221 structures were observed in experi-
ment are not exclusively eliminated though.
The calculation results are reasonable if we look into
the ambient-pressure structural information for the ABi3
family. As mentioned in the introduction, at ambient-
pressure and room temperature, BaBi3 crystallizes in
tetragonal structure with only a small difference in the a
and c lattice parameters (a = 5.06(1) A˚ and c = 5.13(2)
A˚), which we label as α phase. In contrast, both of its
neighboring compounds SrBi3 and LaBi3 crystallize in
cubic structure with lattice parameters a = 5.05(3) A˚
and 4.99(2) A˚, respectively, i.e., with smaller lattice pa-
rameters and unit cell volumes. As applying hydrostatic
pressure to BaBi3 will decrease its lattice parameters, we
assume that pressure tends to drive BaBi3 to the higher-
symmetry cubic structure, as realized in the neighboring
compounds11,13,51–54. It is worth noting that the drop of
Tc at Tp is consistent with the fact that SrBi3 has lower Tc
than BaBi3. With regard to the high pressure sensitivity
of this compound, we would like to mention the results of
previous calculations of the SOC influence on the phonon
spectra of ABi3
14. Whereas for SrBi3 these calculations
indicate that the cubic structure is stable even without
considering SOC, the same calculations find that SOC
is necessary to stabilize the ambient-pressure tetragonal
structure in BaBi3. This demonstrates that the interplay
of electronic and structural degrees of freedom in BaBi3
places this material close to a structural instability. To-
gether with the multiple phase transitions observed in
the present work in a small pressure range, we establish
BaBi3 as a good platform to study the interplay of struc-
ture and superconductivity in the presence of spin-orbit
coupling.
IV. CONCLUSION
We establish three different phases α, β and γ in BaBi3
under pressure up to 2.13 GPa, each of which are su-
perconducting at low temperatures. In the low-pressure
region, BaBi3 is purely in α phase for the whole inves-
tigated temperature range. When pressure is firstly in-
9creased at high temperature, BaBi3 transfers into γ phase
through a likely first order transition. In γ phase, by
lowering temperature, the compound goes through an-
other first-order transition to β phase. Further increas-
ing pressure suppresses the transition temperature of γ
to β phase and in the high-pressure region, BaBi3 stays
in γ phase for the whole investigated temperature range.
Based on crystal structure search and DFT calculations,
we speculate the phase transitions between α, β and γ
to be related to structural degrees of freedom. With
α phase being the ambient-pressure tetragonal structure
(P4/mmm), β phase could be cubic (Pm − 3m) and γ
phase could be distorted tetragonal structure (I4/mcm).
Measurement of the superconducting upper critical field
analysis exhibits an anomaly at p = 1.54 GPa, sug-
gesting a pressure-induced band structure change or Lif-
shitz transition within the γ phase. Our results establish
BaBi3 as a good platform to study the interplay of struc-
ture and superconductivity in the presence of spin-orbit
coupling.
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